The n6dulation characteristics of wild-type Bradyrhizobium japonicum USDA 110 and mutant strain HSIll were examined. Mutant strain HS111 exhibits a delayed-nodulation phenotype, a result of its inability to initiate successful nodulation promptly following inoculation of the soybean root. Previously, we showed that the defect in initiation of infection leading to subsequent nodulation which is found in HS111 can be phenotypically reversed by pretreatment 
The n6dulation characteristics of wild-type Bradyrhizobium japonicum USDA 110 and mutant strain HSIll were examined. Mutant strain HS111 exhibits a delayed-nodulation phenotype, a result of its inability to initiate successful nodulation promptly following inoculation of the soybean root. Previously, we showed that the defect in initiation of infection leading to subsequent nodulation which is found in HS111 can be phenotypically reversed by pretreatment with soybean root exudate or soybean seed lectin. This effect is not seen after pretreatment with root exudates and lectins obtained from other plant species. Treatment of strain HSlll with as little as 10 soybean seed lectin molecules per bacterium (3.3 x 10-12 M) resulted in enhancement of nodule formation. Pretreatment of wild-type B. japonicum USDA 110 with soybean root exudate or seed lectin increased nodule numbers twofold on 6-week-old plants. Wild-type strain USDA 110 cells inoculated at i04 cells per seedling exhibited a delay in initiation of infection leading to subsequent nodulation. Wild-type cells pretreated in soybean root exudates or seed lectin did not exhibit a delay in nodulation at this cell concentration. Mutant strain HSlll pretreated in seed lectin for 0 or 1 h, followed by washing with the hapten D-galactose to remove the lectin, exhibited a delay in initiation of nodulation. Phenotypic reversal of the delayed-nodulation phenotype exhibited by strain HSlll was seen if incubation was continued for an additional 71 h in plant nutrient solution following 1 h of lectin pretreatment. Reversal of the delayed-nodulation phenotype of HSlll through lectin pretreatment was prevented by chloramphenicol or rifampin. These studies indicate that the presence of soybean lectin can affect the nodulating ability of wild-type B. japonicum as well as that of mutant HS111. Apparently, the lectin induces de novo protein synthesis in B. japonicum, which is required for efficient initiation of the nodulation process. Our working hypothesis is that, in the presence of the plant host (lectin), the proportion of the population of B. japonicum cells capable of efficient nodulation is increased.
The molecular mechanisms of recognition between rhizobia and legumes involved in the establishment of an effective nitrogen-fixing symbiosis can be considered a form of cell-cell communication. These cellular interactions initiate a complex developmental process whereby the rhizobia adhere to and penetrate the root, inducing differentiation of cortical root cells into a nodule. Rhizobia reside in the nodule and reduce atmospheric nitrogen to ammonia, which can be utilized by the plant. A prevalent hypothesis to explain the mechanism of recognition between symbiont and host has been the specific binding of compatible rhizobia to host plant root lectins (1, 10, 13, 17, (26) (27) (28) . Lectins are noncatalytic proteins which are capable of specific interaction with microbial cell surface carbohydrates (1, 27) .
In previous work, the mechanism of recognition in the Bradyrhizobium japonicum-soybean symbiosis was investigated by using a mutant of B. japonicum, strain HS111, which exhibits a delayed-nodulation phenotype (16, 17, 29) . The nodulation phenotype of mutant strain HS111 is the result of its inability to promptly initiate infection leading to subsequent nodulation. The phenotype was determined by a bioassay (9) in which the rate of nodule initiation is measured relative to the position of the primary root tip (RT) at the time of inoculation (16, 17) . The RT and smallest emerging root hair are marked on the surface of plastic growth pouches with the aid of a lOx binocular microscope (9, 16, 17) . This area, marked at the time of inoculation, is the region most susceptible to infection (23) and nodulation (9, 16 (16, 17) . Strain USDA 110 forms .67% of its nodules above the RT mark (16, 17) . In contrast, mutant strain HS111 generally forms nodules (.60%) well below the RT mark (16, 17) . The average distance of the uppermost nodule formed by strain HS111 is approximately 18 mm below the RT mark (16, 17) . Therefore, mutant strain HS111 is defective in its ability to initiate successful infections.(i.e., leading to nodule formation) in the RT-smallest emerging root hair zone. Delayed initiation of nodulation by mutant strain HS111 suggests that nodulation can occur only after cells have been stimulated in the rhizosphere (16) . The defect in initiation of nodulation in HS111 can be phenotypically reversed by simulating the plant rhizosphere through preincubation with soybean root exudates (16) , soybean seed lectin (SBL), or a galactose-binding, root-excreted protein(s) prior to inoculation (17) . A soybean root lectin which exhibits an amino acid composition and hapten specificity for D-galactose similar to those of the seed lectin has been isolated (14 (19) . Isolation of slow-to-nodulate mutant strain HS111 and characterization of its nodulation phenotype have been reported previously (16, 17, 29) .
Bradyrhizobium cultures were maintained on YEM agar (19) and grown to mid-log phase (3.5 days) at 30°C in YEM broth as described previously (16, 17) . Cell Growth and inoculation of seedlings. Soybean seeds were surface sterilized and germinated as described previously (16, 31) . Seedlings (2 days old) were transferred aseptically to autoclaved clear plastic growth pouches (diSPo Seed Pack; Northrup King Seed Co., Minneapolis, Minn.), which had been moistened with sucrose-free, half-strength PNS prior to autoclaving (16, 17) . Seedlings were maintained in a growth chamber under the following conditions: 26°C; light intensity, 510 microeinsteins m-2 s-1; a 15-h photoperiod. Pouches were watered with sterile water as needed. The positions of the RT and smallest emerging root hair of 3-day-old seedlings were marked on the surface of the pouch with the aid of a dissecting microscope (9, 16, 17) . The entire root of each seedling was inoculated dropwise with 1.0 ml of a 108 cell per ml suspension. Each pouch contained three seedlings, and uninoculated pouches were included with each experiment to monitor for contamination.
Growth of plants for collection of root exudates. Aseptically germinated 2-day-old soybean, cowpea, alfalfa, and pea seedlings were fixed atop a fluted paper wick in a sterile, 45-ml serum vial containing 15 ml of sucrose-free, halfstrength PNS (16, 17) . The seed coats of 2-day-old cowpea seedlings were aseptically removed to allow for growth of a straight radicle. For tomato, radicles did not appear until day 5, and seedlings then were placed in the serum vials. A sterile, 18-oz (1 oz = 29.573 ml) Whirlpac bag (Nasco Inc., Oakville, Conn.) was placed over each vial. The vials were then placed in a growth chamber for 10 days (16, 17) . The half-strength PNS containing the root exudates was pooled and prepared for Bradyrhizobium pretreatments as described previously (5, 16, 17) .
Pretreatment of B. japonicum with root exudate and lectin. B. japonicum cultures were prepared as described above.
Ten milliliters of the 2 x 109 cell per ml Bradyrhizobium suspensions were aseptically added to 50 ml of root exudate; sucrose-free, half-strength PNS; or sucrose-free, halfstrength PNS containing 10 tions were incubated at 30°C for 72 h prior to preparation for inoculation of seedlings as described above. The number of viable cells was determined before and after the 72-h incubation period. Preincubation of strain HS111 in MM for 72 h without antibiotics resulted in a substantial increase in cell number. Pretreatment with either chloramphenicol or rifampin reduced the number of viable cells by approximately 10% compared with the original inoculum. Suspensions were prepared for inoculation as described previously and stispended to the standard inoculum concentration of 108 cells per ml. Nodule scoring of pouch assay. Plants inoculated with wild-type B. japonicum USDA 110 were scored for nodulation 14 days after inoculation and the slow-to-nodulate mutant strain HS111 was scored 28 days after inoculation. Scoring wild-type nodulation at 28 days did not affect the results. The positions of all nodules on the primary root were measured to the nearest 0.1 mm relative to the RT mark made on the surface of the plastic growth pouch at the time of inoculation. All experiments were repeated at least twice unless mentioned otherwise in the text.
Enhanced nodulation by lectin pretreatment. Three-dayold, surface-sterilized soybean seedlings, as described above, were aseptically removed from plastic growth pouches and placed in 6-in. (1 in. = 2.54 cm) plastic azalea pots filled with vermiculite moistened with half-strength PNS. Wild-type B. japonicum USDA 110 was pretreated with either sterile, half-strength PNS containing 10 ,ug of SBL per ml; soybean root exudate; or sterile, half-strength PNS. Three seedlings were placed in each pot, and each seedling was inoculated with 1.0 ml of a 108 cell per ml suspension of wild-type cells. Plants were grown in a growth chamber under the growth conditions described above (see Table 3 , experiment 2) or under the following conditions: 320 microeinsteins m-2 s-1 with a 14-h photoperiod for 6 days/week (see Table 3 , experiment 1). Plants were watered as needed with half-strength PNS for 2 weeks and then with sterile water for the duration of the experiment. After 6 weeks of growth, the plants were scored for nodulation by counting the number of nodules per plant and determining the fresh weight (in milligrams) of nodules per plant.
Adsorption and root hair curling (Hac) of rhizobia. Adsorption of B. japonicum USDA 110 and HS111 to soybean roots was determined by a modification of the procedure developed by Pueppke (24) . Bacterial cultures were grown to mid-log phase, pelleted, washed, and suspended to an approximate cell concentration of 2 x 108 cells per ml in half-strehgth PNS. Three-day-old seedlings were suspended in the inoculum for 1 h. Seedlings were washed three times in sterile, half-strength PNS by shaking on a Queue rotary shaker at 75 rpm for 15 min. The distal 20-mm segment of each root was excised, and the tissue was homogenized in 1.0 ml of PNS. The homogenized solution was serially diluted and plated to determine the number of bacteria bound per root segment. Root hair curling by B. japonicum was observed as described by Pueppke (23) . RESULTS Lectin specificity in nodulation enhancement. Previously, we demonstrated that preincubation in soybean root exudates from a variety of soybean cultivars resulted in reversal of the slow-to-nodulate phenotype of mutant strain HS111 (17) . B. japonicum has been shown to nodulate cowpea (V. unguiculata (L.) Walp.) (29) . Mutant strain HS111 was preincubated in root exudates from cowpea and other legumes to determine whether these root exudates have the ability to reverse the mutant phenotype. The data in Table 1 indicate that pretreatment of mutant strain HS111 with the legume root exudates tested (cowpea, alfalfa, and pea) did not induce phenotypic reversal of the mutation of strain HS111. B. japonicum USDA 110 and HS111 nodulated the cowpea varieties used to obtain root exudates. In addition, preincubation with root exudates obtained from tomato (L. encapsulatum) did not affect the nodulation characteristics of mutant strain HS111 ( Table 1) .
The active factor in soybean root exudates which phenotypically reverses the defect in nodulation in mutant strain HS111 has been demonstrated to be a galactose-binding protein (17) . Pretreatment of mutant strain HS111 with certain N-acetylgalactosamine-and D-galactose-specific lectins isolated from various plant species other than soybean did not reverse the nodulation defect of HS111 (Table  2) . Kamberger (18) demonstrated by Ouchterlony double diffusion that jackbean (Canavalia ensiformis) lectin (concanavalin A) binds to the cell surface of B. japonicum. The data in Table 2 show that pretreatment of strain HS111 with concanavalin A did not phenotypically reverse its mutation. Tables 1 and 2 (Table 3) . Soybean plants in experiment 1 (Table 3) were grown under a shorter photoperiod as described in Materials and Methods. The average fresh weight of the roots, stems, and leaves per plant was not affected by the increase in nodule number (data not shown). The average number of nodules on the primary and secondary roots increased with lectin or root exudate pretreatment (Table 3 , experiment 2). Effects of lectin on the population of wild-type cells. The degree of nodulation above the RT mark, corresponding to various inoculum concentrations, can provide clues regarding the possible threshold levels required for initiation of nodulation (7, 9) . Phenotypic reversal of the delay in initiation of nodulation in HS111 by lectin pretreatment (16, 17) suggests that lectin mediates the induction of nodulation competence. To test this hypothesis, dose-response curves°3 (6 7, 9,l6 ,i7) at a cnctration y significant difference in the average distance of the successful nodulation (6, 7, 9, 16, 17) . At a concentration nodule from the RT mark was observed between 10 below 106 cells per ml, wild-type cells in PNS exhibit a delay of SBL per cell and for SBL concentrations of 10-2, 10-3, in initiation of nodulation similar to that of mutant strain ecules of SBL per cell at a P = 0.01 confidence level.
HS111 (16, 17) . The b SBL was used at a concentration of 10 tjg/ml. of wild-type strain USDA 110 partially prevented this delay in initiation of nodulation (Fig. 2) . Statistical analysis of the data by the Student-Newman-Keuls test demonstrated a significant difference between untreated and root exudate-or SBL-treated cells, within a P = 0.01 confidence level, at cell concentrations of 103, 104, and 105 cells per seedling (Fig. 2) . At cell concentrations of 103, 104, and 105 cells per seedling, root exudate-and SBL-treated cells were statistically the same. In addition, lectin or root exudate pretreatment resulted in a greater percentage of plants nodulating above the RT mark at all cell concentrations compared with PNS (data not shown). Lectin induced a physiological response in wild-type B. japonicum USDA 110 which enabled it to initiate a nodulation response more quickly (Fig. 2) . This effect of lectin on the wild type was similar to that seen with mutant strain HS111.
Effect of preincubation time on nodulation enhancement. Previously we demonstrated that a half-maximal nodulation response occurs with 1-h pretreatments in lectin or root exudate (17) . These experiments, however, involved an initial 1 h of preincubation followed by an additional 71 h before inoculation onto plants. Initially, we interpreted these data as suggesting that the amount of time necessary for strain HS111 to interact with lectin and produce an effect on nodulation was very short. However, nodulation enhancement did not occur after 0 or 1 h of incubation in the presence of SBL without additional incubation in the absence of SBL (Table 4) . A half-maximal response was (17) . The presence of a galactosespecific soybean root lectin which is genetically distinct from SBL but shares the same hapten specificity has been documented (14, 15, 25) . This may explain the previous correlations between SBL binding to Bradyrhizobium spp. and nodulation (5, 8, 10, 13) . The (16, 17) . The data in Fig. 2 (Tables  1 and 2 ). The virC (virulence) promoter of Agrobacterium tumefaciens fused to lacZ is induced by plant exudates from several dicotyledonous plants (21) . Host plant extracts also induce a change in the morphogenesis of the smut fungus, Ustilago violacea, leading to the induction of parasitic stages in previously saprophytic cells (11, 12) . The inducer is absent in most plants outside the host family but is almost universally present within species of the host family (11, 12) . These examples demonstrate the growing awareness of the presence and specificity of host-produced factors involved in the induction of microbial gene expression in plant-microbial interactions.
The manner in which lectin mediates recognition in the Rhizobium-legume symbiosis has been thoroughly discussed (1, 2, 13, 26, 27) . Dazzo and Hubbell (17) suggested that the clover lectin and an R. trifolii cell surface receptor function in determining host specificity and root adherence through formation of a bridge between the host and rhizobia (contact recognition 
